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MinireviewExcitation at the Synapse:
Eph Receptors Team Up
with NMDA Receptors
in the presynaptic cell and of neurotransmitter receptors
in the postsynaptic cell is believed to be one of the
earliest steps leading to synapse formation (Sanes and
Lichtman, 1999). An important role in synapse organiza-
tion and stabilization is played by PSD95/Dlg/ZO-1
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(PDZ)-domain-containing proteins. These multivalentLondon SE1 1UL
molecules act as scaffolding proteins that organize mac-United Kingdom
romolecular complexes containing neurotransmitter re-
ceptors, Eph receptors and ligands, components of the
synaptic cytoskeleton, and cell adhesion molecules
Eph receptor tyrosine kinases and their ligands, the (Garner et al., 2000).
ephrins, have attracted considerable interest in recent Dalva et al. now provide us with the important finding
years owing to their important role in boundary forma- that Eph family members are intimately involved in the
tion, cell migration, axon guidance and angiogenesis, initiation of synapse assembly and may also contribute
and other important developmental processes. Work by to their stabilization and maintenance (Figure 1).
Michael Greenberg and colleagues, presented in the The NMDA Receptor
current issue of Cell (Dalva et al., 2000) undoubtedly will NMDA (N-methyl-D-aspartate) receptors are one group
fuel the interest in this family even more, since a new of receptors for the neurotransmitter glutamate that are
role of these molecules in synapse formation has been found postsynaptically within excitatory synapses in the
discovered. CNS. They are composed of NR1 and NR2 subunits,
The Eph Family which together form the functional NMDA-sensitive
In vertebrates, the Eph family comprises 14 Eph recep- channels. The NMDA receptor plays a prominent role in
tors and 8 ephrin ligands, which can be subdivided into many activity-dependent processes such as synaptic
two groups, the EphA receptors that bind the GPI- plasticity. During this process, which is closely associ-
anchored ephrin-As and the EphB receptors that bind ated with learning and memory, the strength of preex-
the transmembrane ephrin-Bs. There are some remark- isting synapses can be modified, but synapses can also
able features of this family that are not typical of the be newly established or removed.
superfamily of receptor tyrosine kinases. For example, Coclustering of EphB and NMDA Receptors
ephrins are usually membrane bound and must be in an An association between EphB and NMDA receptors was
oligomeric state to activate their receptors. A related demonstrated by coimmunoprecipitation of EphBs with
issue is the poorly understood phenomenon of bidirec- NR1 (and vice versa) from lysates of cortex after activa-
tional signaling, which means that the interaction of Eph- tion by ephrin-Bs. These interactions are direct. As re-
expressing and ephrin-expressing cells activates signal- vealed by immunofluorescence, treatment of cortical
ing pathways in both cells (for a recent review on the and hippocampal neurons with ephrin-Bs also results
Eph family, see Mellitzer et al., 2000). in the coclustering of EphB and NMDA receptors (Figure
Eph family members are expressed during neural de- 1). Both effects required oligomeric ephrin-B molecules
velopment and in the adult brain long after axons have for activation of EphB receptors and the interactions
made initial contacts to their target cells. Ephrins were were rather selective: there was no clustering of acti-
originally classified as axon guidance molecules, and vated EphB receptors with GluR1 to GluR3 subunits of
their function later in development remained a matter another glutamate receptor, the AMPA receptor. More-
of speculation. Yet strong hints of a possible function over, EphA receptors (although expressed at the syn-
came recently from studies by Torres et al. (1998) and apse) did not coimmunoprecipitate with NMDA re-
ceptors.Buchert et al. (1999), showing that both Eph receptors
One aspect of these colocalization experiments is par-and ligands are localized to synapses of hippocampal
ticularly noteworthy: the regions required for interactionneurons and to the postsynaptic density of CA1 pyrami-
of NMDA and Eph receptors are—surprisingly—the ex-dal neurons.
tracellular domains of both receptors. This makes itThe possible role of the Eph family in synapse function
likely that NMDA receptor clustering is not enzymaticallyhas been confirmed by Dalva, Takasu, and colleagues.
controlled through tyrosine phosphorylation of the intra-In their paper, they present two major findings: first,
cellular domain and also does not involve the recruit-activation of Eph receptors leads to the formation of
ment of PDZ-domain-containing proteins, which are wellclusters of Eph/NMDA receptors, and second, contin-
known for their function in synapse assembly.ued activation of Eph receptors results in an increase
Eph Receptor Activation Leads to Increasesin synapse number, whereas blocking Eph signaling has
in the Number of Synapsesthe opposite effect.
Is the role of the Eph family confined to this early processSynapse assembly is a multistep process that involves
of synapse assembly? Apparently not, as prolongedthe coordinated differentiation of pre- and postsynaptic
treatment (4 days) of cultured hippocampal and corticalelements. Clustering of neurotransmitter-filled vesicles
neurons with clustered ephrin-Bs also leads to an in-




Figure 1. From Axon Guidance to Synapto-
genesis
(A and B) Scheme of the transformation of a
growth cone into a presynaptic structure.
(C–F) Possible molecular interactions during
synapse assembly.
(C) At the future synapse, ephrin-Bs (green)
are localized presynaptically and EphBs
(blue) and NMDA receptors (red) are ex-
pressed postsynaptically. (D) The clustering
of ephrin-Bs may be induced by expression
or activation of PDZ-domain-containing pro-
teins (yellow), by tyrosine phosphorylation of
ephrin-Bs by growth factors, activation of the
PKC pathway, or by a signal from the target neuron itself. (E) Clustering of ephrin-Bs induces within a few minutes the clustering of EphB
receptors at the postsynapse, leading to the tyrosine phosphorylation of the intracellular domain of EphB receptors and activation of its kinase
(*). (F) After about an hour, EphB/NMDA receptor clusters can be detected immunohistochemically (Dalva et al., 2000). PDZ-domain-containing
proteins (yellow) are strongly involved in organizing the pre- and postsynaptic structures. Signaling by the EphB/ephrins influences the stability
of synapses, possibly by affecting the function of integrins (gray).
However, in contrast to the clustering effect, this proc- ephrin-Bs might be regulated on the level of these PDZ-
domain-binding proteins. The signal for clustering mightess appears to depend on the intracellular domain of the
EphB receptors, as overexpression of a kinase-negative even be derived from the target neuron itself. Tyrosine
phosphorylation of ephrin-Bs, which is induced by cer-form of EphB2 reduces the number of NR1-positive
postsynaptic sites formed, whereas overexpression of tain growth factors and activation of the protein kinase
C pathway, might represent an additional level of regula-the full-length wild-type EphB2 receptor increases the
number of these postsynaptic structures. tion of ephrin-B clustering (Bru¨ckner et al., 1997).
At first glance, the subcellular distribution of EphsIt is not known which EphB-controlled pathways are
involved in the regulation of synapse maintenance and and ephrins during synapse formation inferred from the
experimental data of Dalva et al. is surprising: thestabilization, but the NMDA receptor itself appears to be
a prime target. Tyrosine phosphorylation of the NMDA ephrins appear to be localized on the axons (“presynap-
tically”), whereas the EphBs are located on the targetreceptor is known to alter its channel properties and
to affect other aspects of synapse function such as cells (“postsynaptically”) (Figure 1C). This contrasts with
the converse distribution, which has been observedlearning-associated LTP. Other candidates to phos-
phorylate the NMDA receptor might be kinases such as more frequently. For example, during guidance of axons
to their target, Ephs are often localized on axons, whilesrc and fyn, which bind to activated Eph receptors, or
CaMKII, which Dalva et al. (2000) show to be recruited ephrins function as ligands in the target area. Neverthe-
less, there are also cases in which ligands have beento the Eph/NMDA complex.
Another possibility is that signaling complexes are shown to be expressed on the axons during guidance
(Hornberger et al., 1999).recruited to, or modified at activated EphB/NMDA re-
ceptor complexes, perhaps without affecting NMDA re- How can this different pattern be explained and what
consequences does it have? One idea is that the expres-ceptor phosphorylation. Candidates here are PDZ-
domain-containing proteins such as PICK and AF6, sion pattern might switch during the transition from
guidance to synaptogenesis (Figures 1A and 1B). Alter-which have been shown to colocalize with EphB recep-
tors at synapses (Torres et al., 1998; Buchert et al., natively, Ephs and ephrins situated on presynaptic as
well as postsynaptic membranes may be involved in1999). PICK, identified as a protein kinase C-a inter-
acting protein, is tyrosine phosphorylated when com- synapse formation, given their capability for bidirec-
tional signaling. These are possibilities which can beplexed with EphB2. Changing the characteristics of
scaffolding proteins at Eph/NMDA receptor complexes tested experimentally, for example, by immuno-electron
microscopy.might be of great importance for the further develop-
ment/stabilization of synapses. From Axon Guidance to Synaptogenesis
These findings extend our concepts of Eph family func-Possible Functions of Ephrins
during Synapse Formation tion to encompass the formation and maintenance of
synapses, in addition to their well-documented role inOf particular importance for synapse assembly is the
regulation of clustering of ephrin-Bs on the axons (Fig- axon guidance. This may confer advantages by using
the same set of molecules for processes occurring se-ures 1C and 1D), which is known to be the prerequisite
for activation of EphB receptors (Figure 1E) and EphB/ quentially. However, mechanistically, axon guidance
and synapse formation appear to be rather distantlyNMDA receptor clustering (Figure 1F). It would not come
as a great surprise if the level of ephrin-B-clustering on related processes. So are there unifying or contrasting
features of Eph family function in these two processes?the axons were under tight regulation. In this context,
it is interesting that ephrin-B ligands possess consensus Most analyses of the Eph family in neural development
indicate a repellent mechanism, such that—for exam-binding sequences for PDZ-domain-containing proteins
at their carboxy termini and that coexpression of eph- ple—axons expressing Eph receptors avoid regions of
the developing brain expressing (high) concentrationsrin-Bs with, e.g., GRIPs leads to the clustering of ephrin-
B ligands (Bru¨ckner et al., 1999). Thus, the clustering of of ephrin. Looking more closely into molecular mecha-
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nisms, two major targets of Eph and ephrin function dent and -dependent processes. One possible aspect
show up: the assembly/disassembly of the actin cy- of the mutant phenotype would therefore be perturbed
toskeleton and/or the balance between adhesion and NMDA receptor function and synapse assembly.
de-adhesion by controlling integrin signaling. Integrin Parallels in the Initiation of Synapse Assembly
signaling is likely to be controlled by expression levels in the CNS and PNS
and the prevalence of clustering of Eph/ephrins, favoring The molecular interactions described by Dalva et al. also
either repulsion or adhesion (for a review, see Mellitzer show intriguing parallels with the initiation of assembly
et al., 2000). of the neuro-muscular junction (NMJ).
Thus, is it possible that the Eph family is involved in At the NMJ, another receptor tyrosine kinase termed
synapse function, e.g., de/stabilization by controlling cell muscle-specific kinase (MuSK) is critical for synapse
adhesion molecules (Figure 1F) such as integrins? In- formation. Localized agrin release from the motor neu-
deed, some data point in this direction. Many cell adhe- ron nerve terminal leads to an activation of MuSK involv-
sion molecules such as L1, N-CAM and cadherins are ing clustering of this molecule and tyrosine phosphoryla-
expressed in the adult and have been proposed to par- tion of its intracellular domain. In turn, the extracellular
ticipate in initiating and maintaining synaptic changes domain and the kinase activity of MuSK are required for
(Murase and Schuman, 1999). The same holds true for the subsequent clustering of the acetylcholine receptor
integrins. A striking example comes from Drosophila, (Hopf and Hoch, 1998; Zhou et al., 1999).
where a mutant called Volado shows multiple defects in Both MuSK and a number of Eph receptors possess
learning and memory (Grotewiel et al., 1998). Molecular at their carboxy termini a specific amino acid sequence
characterization of Volado revealed that the mutant (VxV) representing a binding site for PDZ-domain-con-
gene encodes an integrin. This would suggest that Eph taining scaffolding proteins. The location of these se-
receptors regulate synapse stability by interfering with quences in MuSK and Ephs is very much the exception
integrin signaling (Figure 1F). rather than the rule within the superfamily of RTKs (Tor-
Other studies that shed light on the contrasting effects res et al., 1998) and provokes speculations about an
of ephrins on cell behavior have shown that repulsion evolutionarily conserved scaffolding process acting in
can be converted to adhesion by expression of a kinase- the early steps of both peripheral and central synapse
negative version of the EphA7 receptor (Holmberg et assembly.
al., 2000). This may tie in with a post-natal upregulation Final Remarks
of a kinase-negative splicing variant for EphA7 (Ciossek Considering the apparently important role of the Eph
et al., 1999). Secondly, the separation (repulsion) of ephA family in assembly and maintenance of synaptic struc-
and ephrin-A expressing cells can be mediated by me- tures, one would expect that Eph knockout mice exhibit
talloproteases, which cleave the GPI-anchored ligands behavioral abnormalities due to deficits in the regulation
and thus release the Eph/ephrin-bonded cells (Hattori of synapses. However, no obvious synaptic phenotypes
et al., 2000). Possibly metalloproteases or enzymes with in EphB mutant mice have been described to date. This
a similar function are not coexpressed with ephrins dur- does not call into question at all the work by Dalva
ing synapse formation, leading to the stabilization of et al., but it will stimulate a more detailed analysis of
cell-to-cell contacts. Whether these mechanisms have synaptogenesis and synapse function in the mutant
a relevance for the EphB family in the context of synapto- mice.
genesis remains to be demonstrated. Taking into account the contribution of cadherins (for
Activity-Dependent versus Activity-Independent review, see Bruses 2000), neuroligin (Scheiffele et al.,
Processes 2000) and wnt7A (Hall et al., 2000) to the development
The direct regulation of NMDA receptors by Eph recep- and stabilization of synapses, one might predict that
tors will be of particular interest for those striving to multiple cooperating systems control synaptogenesis.
understand the development of topographic projec-
tions, the principal type of axonal connection between
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